In Malaysia, the primary forested land change process is due to the establishment of plantations on logged-over forests and areas used for shifting cultivation. While standing carbon stocks of natural forest have been the focus of many studies, reports on the carbon stocks in Acacia and rubber plantations in Malaysia is sparse. Therefore, this article attempts to collate and analyse Malaysian datasets on total carbon stocks for aboveground biomass in the Acacia and rubber plantations by applying the biomass expansion factor for the period from 1990 to 2013. The forest plantations have higher growth rates, and the harvesting waste and residues left behind are significantly more than the natural forests. Therefore, it leads to greater emission compared to the natural forests. Hence, Acacia and rubber plantations were not able to sequester and store carbon at the same amount as the natural forest, which resulted in carbon credit on the forest carbon stock. El potencial de las plantaciones de caucho y acacias de las reservas de carbono forestal en Malasia J. RATNASINGAM, K. THIRUSELVAM y F. IORAS En Malasia, el principal proceso de cambio de usos del suelo en terrenos forestales se debe al establecimiento de plantaciones en bosques intervenidos y en áreas utilizadas para cultivos itinerantes. Mientras las reservas de carbono de los bosques naturales han sido foco de muchos estudios, en Malasia existe muy poca información sobre las reservas de carbono en plantaciones de acacia y caucho. Por tanto, este artículo intenta cotejar y analizar conjuntos de datos sobre las existencias totales de carbono de la biomasa aérea de Malasia, en plantaciones de acacia y caucho aplicando el factor de expansión de biomasa para el período de 1990 a 2013. Las plantaciones forestales tienen mayores tasas de crecimiento, y los deshechos de corta y poda son significativamente más grande que en los bosques naturales. Por lo tanto, esto conduce a una mayor emisión en comparación con los bosques naturales. Consecuentemente, las plantaciones de acacia y caucho no fueron capaces de secuestrar y almacenar carbono en la misma cantidad que el bosque natural, dando lugar a créditos de carbono sobre las reservas de carbono forestal.
INTRODUCTION
Malaysia has one of the most complex ecosystems in the world in its tropical rain forest, and with its large biodiversity, the forest resources in the country continue to play an ever increasing role within the realms of the social, economic and environmental dimension (Ratnasingam et al. 2015a) . The changing roles of the forest resources during the different periods of the country's developmental phases have been well documented in Ratnasingam and Ioras (2006) . From initially being exploited solely for its timber resources during the colonial period, the forest resources in Malaysia have evolved to play multiple-roles, catering for both domestic and international obligations, especially from the biodiversity conservation and environmental perspectives.
The Sustainable Forest Management (SFM) practices are already in place. Yet, the natural forests is under increasing pressure to cope with the growing demand for wood resources, which inevitably threatened the biodiversity and environmental values of the forest due to the increased logging activities (Ratnasingam and Ioras 2006) . Furthermore, the rate of deforestation, especially in the lowland areas were also heightened due to large scale conversion of forested land for agriculture development, settlement, infrastructure, and industrial development (Wan Razali and Mohd Shahwahid 2011) .
The threat posed by the dwindling forested area runs the risks of losing valuable biodiversity. Therefore, government implemented a strict forest management and conservation policy to protect the valuable flora and fauna in its forests in the early 1990s. Consequently, there were restriction in logging activities, reduction of logging areas and cutback in the numbers of logging licences issued (Menon 2000) . As a result, a significant reduction in the supplies of saw logs for both the local and international markets became apparent.
The government had to supplement the reducing supplies of saw logs from the natural forests with other alternative wood resources in order to ensure sufficient supply of raw materials to the booming wood-based industry in the country. The possible choice was wood from rubber (Hevea brasiliensis) plantations, which was already being accepted as a material for value-added wood products manufacturing (Ratnasingam et al. 2011 (Ratnasingam et al. , 2012 . Although, rubber trees were cultivated primarily for latex or natural rubber production, the trunk of the trees which was previously discarded as waste after felling for replanting activities, had found successful application in the manufacture of a variety of different wood products since the mid 1980s. The plantation origin of these trees also makes the material environmental-friendly in a market place due to the global anti-tropical timber campaign. The increasing apprehension against wood resources from the natural forests amongst many of the wood products consumer countries also provided a positive outlook for the use of rubberwood as an alternative material for wood products manufacturing (Ratnasingam et al. 2011) . Furthermore, Ratnasingam and Scholz (2009) had reported that a standing of rubber tree is able to produce up to 2.1 m 3 of biomass, which include the trunk, branches, twigs and leaves, which in Source: 1990 , 1995 , 2012 2000 -2011 FIGURE 1 Forested land in Malaysia from 1990 to 2013 based on primary literature from the various government agencies, research institutes and other related publications. It must be enunciated that despite the push towards plantation forests, planting activities were inconsistent and often restrained by issues related to the availability of funding and land (Anon. 2013) . As a result, the annual targeted planting area of Acacia and rubber plantations are often not met. Table 1 shows the total land area under Acacia and rubber plantations during the study period in Malaysia.
Calculation of aboveground biomass
It is important to estimate the biomass density from the plantations prior to the determining its carbon stock. According to Palma et al. (2014) , biomass is a significant indicator of carbon stock as well as a comprehensive measure of the capacity of forest ecosystem. The biomass density could be estimated through two approaches: (1) biomass expansion factor (BEF); and (2) regression equation (Palma et al. 2014) . The biomass expansion factor refers to the existing volume data from the plantations, whereby the volume over bark (VOB) is converted to biomass density using the biomass expansion factor. On the other hand, the regression equation method requires the number of trees, the diameter at breast height (DBH) of each tree and its height to be determined, in order to estimate the biomass density.
This study opted for the BEF approach to determine the biomass density of the Acacia and rubber plantations. It is to be noted that the estimation of biomass density in this study was confined to the aboveground biomass, and did not include ground-level biomass shrubs, bushes and grasslands, as well as the belowground biomass that include the roots. The aboveground biomass approach is the most common method to determine the carbon stock of plantations, especially when the distribution of the tree age-classes in the plantations was unknown (Breugel et al. 2011) . The establishment of plantation forests in Malaysia has been severely affected by its long gestation periods, the related land tenure issue and its high investment cost although it has been an on-going programme in the country (Thiruchelvam and Ratnasingam 2013) . Inevitably, the target of establishing 2.0 million hectares of plantation forests, particularly with Acacia, by the year 2020 is far away from reality. It is widely accepted that the targeted plantation forests area remains elusive without government intervention and incentives (Anon. 2013) . On the other hand, the area under rubber cultivation is also dwindling as both the small-holders and large-scale plantations, convert rubber land to oil palm for its better economic returns, which affects its replanting schemes (Anon. 2013) . In light of these limitations, the aboveground biomass provides a reliable indication of wood volume and biomass per horizontal surface of these forest plantations, and is determined on the basis of the volume over bark, wood density and biomass expansion factor (Palma et al. 2014) .
The first part of this study determined the volume over bark (VOB) for Acacia and rubber plantations, respectively. The average VOB for Acacia was 249 m 3 /ha (Matsumura 2011) , while the average VOB for rubber is 180 m 3 /ha (Ratnasingam et al. 2015b ). Subsequently, the total growing stock of Acacia and rubber plantations, from 1990 to 2013, were determined using Equation 1, as described by Ratnasingam et al. (2015a) .
The second part of the study determined the value of wood density (WD) for Acacia and rubber in tons/m 3 . Reyes et al. (1992) stated that the value of wood density is normally expressed in units of mass of wood per unit volume at 12% moisture content. A regression equation which was developed by Reyes et al. (1992) was used in this study to convert wood density from 12% moisture content to wood density based on oven-dry mass and green volume (Equation 2).
where Y = wood density based on oven-dry mass/green volume (t/m 3 ); X = wood density based on 12% of moisture content (kg/m
3 ) The biomass expansion factor (BEF) was then derived using Equation 3, as described by Brown and Lugo (1992) . The biomass value (BV) (tonnes/ha) was obtained from VOB average and WD.
Finally, Equation 4 was used to estimate the aboveground biomass density of Acacia and rubber plantations respectively, for each year, as described by Brown and Lugo (1992) . (2013) debris and organic matter are taken into consideration in the carbon pool, Neto et al. (2012) highlighted that these components are not regarded as biomass but rather necromass. A number of studies have been carried out to estimate the carbon stocks in aboveground biomass (Adachi et al. 2011 , Berry et al. 2010 , Hamdan et al. 2011 , Hamdan et al. 2014 , Hamdan et al. 2015 , Jeyanny et al. 2014 , Neto et al. 2012 , Saner et al. 2012 . In fact, the storage of carbon in the aboveground biomass of trees is described as the largest pool of carbon, and is largely impacted by deforestation and degradation (Gibbs et al. 2007) .
Generally, the methods to calculate the biomass of trees are categorized into destructive and non-destructive methods. Houghton (2004) pointed out that the calculation of tree biomass using the destructive method require tree harvesting in the selected area, followed by the measurement of green and oven-dry weight of tree components (trunk, leaves and branches). On the contrary, non-destructive approach is described as forest inventory concept, in which the measurement of diameter at breast height (DBH), height, volume and wood density was carried out without felling the trees (Chave et al. 2005 , Gibbs et al. 2007 , Jeyanny et al. 2014 , Saatchi et al. 2007 , Vashum and Jayakumar, 2012 . However, increasingly the non-destructive method is preferred for the determination of tree biomass and carbon stock as the trees are protected (Ratnasingam et al. 2015a) .
The estimation of carbon stocks in plantations at a specific age is not possible to determine as the ages of the Acacia and rubber plantations at different sites are largely unknown. Hence, to compare the biomass and carbon stocks of Acacia and rubber, the average total standing biomass over the lifespan of a typical forest plantation was adopted. This study, therefore, determined the total standing biomass of Acacia and rubber plantations for selected years on the basis of its biomass density derived from the existing volume data (Palma et al. 2014) . Figure 2 shows the biomass changes over the study period (1990-2013) for Acacia and rubber plantations, respectively. On average, rubber plantations have a higher amount of AGB = VOB × WD × BEF (4) where, AGB = aboveground biomass (million tonnes), VOB = volume over bark (million m 3 ) × WD = wood density (t/m 3 )
Total standing biomass

Calculation of carbon stock
The study was further expanded to estimate the quantity of carbon dioxide on the basis of the woody biomass value. The calculated carbon dioxide emission was determined using the emission factor approach. The carbon stock density is subsequently derived by multiplying the forest biomass with a carbon default factor of 0.47, as described by (Palma et al. 2014) . The calculation of carbon stock is as shown in Equation 5.
where, C = carbon stock (million tonnes of carbon); AGB = aboveground biomass (million tonnes); and DF = default factor
Statistical analysis
The calculated carbon stocks data of the Acacia and rubber plantations were analysed using the Statistical Package for the Social Science (SPSS). The mean and standard deviation for carbon stock variables of Acacia and rubber plantations were computed, at the statistically significant level of p < 0.05. The Mann-Whitney U Test was then applied to examine the difference between the two mean of the groups when initial analysis rejected the normal distribution of data obtained (Ho 2006) .
RESULTS
The natural flow of carbon between the trees and atmosphere forms a dynamic balance (Vashum and Jayakumar 2012) . Carbon in a forest ecosystem is stored in several pools, as described in Table 2 . Carbon stock is typically derived from aboveground biomass with an assumption that 50% of the biomass constitute of carbon (Basuki et al. 2009 , Gibbs et al. 2007 , Neto et al. 2012 . Although dead mass of litter, woody Vashum and Jayakumar (2012) biomass compared to Acacia plantations with a difference of 6800 million tonnes (Figure 2 ). The aboveground biomass is influenced by the cultivated area as well as the growing stock.
The main factor that may influence the biomass is the uncertain cutting regimes, as cultivated area is mostly owned by smallholders, who often do not necessarily follow stipulated cutting regimes. It is apparent during the study period that the average rubber cultivation area has dwindled, leading to a lower growing stock. On the other hand, Acacia plantation establishments have been on the increase, but its total cultivated area is comparatively smaller than the area under rubber. Hence, the total standing biomass of rubber is significantly higher than that of Acacia plantation. Figure 3 shows the carbon stocks of Acacia and rubber plantations, respectively, during the study period. A similar trend was apparent in the carbon stock measurement of Acacia and rubber plantations since the total standing biomass is closely related to carbon stock. When the carbon stock between Acacia and rubber plantations were compared, the analysis revealed a significant difference (p < 0.05) between these plantations. It is apparent that rubber plantations have a higher carbon stock compared to the Acacia plantations, and the difference is attributed primarily to the difference in total cultivated area, tree height, age and the wood density (Thiruchelvam and Ratnasingam 2013) .
Total carbon stocks
DISCUSSIONS
Carbon stock of Acacia plantation
Acacia mangium Willd. is a fast growing tree species originated from Australia, which is able to colonize difficult sites arising from different soil types and pH (Hediyanti and Sulistyawati 2010, Palma et. al. 2014) . Furthermore, Acacia wood was also of comparable quality to the common wood materials used in the wood products industry in Malaysia (Anon. 2013 ). This species was first introduced in Malaysia through the Compensatory Forest Plantation Program (CFPP) in 1981, aimed at producing general utility timber in rotations of 15 years. The survival rate of Acacia is relatively high, but Matsumura et al. (2008) highlighted the extensive incidence of the heart-rot disease in the first rotation of the plantation throughout the country had affected its planting programme. Inevitably, this explains the non-consistent Acacia plantation establishment throughout the country, which has a farreaching influence on its standing biomass and carbon stock.
Several studies investigating the carbon stocks of Acacia plantation have been carried out in different countries. These previous studies had focused on carbon stock according to tree age by employing the forest inventory approach (Herdiyanti and Sulistyawati 2010, Matsumura et al. 2008 , Palma 2014 .
However, in this study the estimation of carbon stock of Acacia plantations did not take age class into consideration, as this information is largely unknown. Inevitably, carbon stock was measured on the basis of total plantation area, irrespective of the age class. As presented in Figure 3 , the carbon stock for Acacia plantation throughout 1990 to 2013 ranged from 349.12 to 733.15 million tonnes of carbon. Consequently, a direct comparison of the carbon stock from this study with previous studies was not possible, due to the different approach used to determine carbon stock.
Carbon stock of rubber plantation
Rubber is a perennial crop which is highly important to this country. The cultivation of rubber in Malaysia which began more than a century ago, has made this crop the second most important plantation crop in the country after oil palm (Ratnasingam et al. 2011) . The success of the Malaysian rubber industry in terms of its cultivation and wood utilization is indeed an envy of other tropical countries (Ratnasingam et al. 2015b) . Figure 3 presents the carbon stocks of rubber plantation from 1990 to 2013. It was estimated that the carbon stocks in 
FIGURE 3 Carbon stocks of Acacia and rubber plantations from 1990 to 2013
In this context, it appears that the Malaysian forests is earning carbon credit. Studies on carbon stocks in the natural forests are ample (Table 3) , but what is often not highlighted is the amount of carbon loss to the environment through decomposition and other processes of the waste left behind after logging activities. To date, only few studies on decomposition on natural forests are reported (Jeyanny et al. 2015, Nykvist and Sim 2009) . This is of particular interest due to the fact that increasing carbon in the atmosphere continues to the global attention as it led to global warming as covered by the Kyoto Protocol (Kindermann et al. 2008 , Ravindranath et al. 1997 , Ullah and Al-Amin 2012 .
Deforestation and forest degradation is the main factor for the loss of forest in Malaysia (Aiken and Moss 1975 , Hezri and Hasan 2006 , Wan Razali and Mohd Shahwahid 2011 . Although the emissions from energy sectors is higher owing to the use of fossil fuels (Table 4) , deforestation and forest degradation should be given emphasis since forest ecosystems contain from 62% to 78% of the total terrestrial carbon (Ullah and Al-Amin 2012) . Increasingly deforestation and forest degradation appears to be a growing threat, given that the carbon content in the atmosphere is increasing due to the unbalanced carbon cycle (Gibbs et al. 2007 ).
According to Woon and Norini (2002) , Malaysia is committed to maintain its natural forest at about 50%, in order to achieve Sustainable Forest Management (SFM). As a consequence, there has to be a reduction in the supply of timber, and therefore alternative timber from plantation forests, especially Acacia and rubber will gain popularity for the rapidly growing wood-based industry (Yetti et al. 2011) .
rubber plantation was to be 3000 to 6000 million tonnes of carbon. A comparison with previous studies by Charoenjit et al. (2015) , Saengruksawong et al. (2012) and Wauters (2008) could not be carried out as this study did not take into consideration the stand age-class distribution to estimate the carbon stock.
Impacts of forest plantations for standing carbon stocks
Most land cover change, in particular transitions involving intensification of land use, results in loss of carbon, with perhaps the clearest case being deforestation. In Malaysia, forested land area has seen a steady decline over the years, from 60% in 1990 to about 55% in 2013 of the total land area of the country. The forest cover in the country has been reducing at a much reduced rate through the practice of sustainable forest management (SFM) and significant reduction in logging activities as shown in Figure 1 previously. Deforestation and degradation of forests in Malaysia is an on-going challenge, as land clearings are often done to pave the way for plantation establishment, urbanization and for agricultural purposes. Very little work has been done on its implications on the standing carbon stocks although plantation forests were established primarily to supplement wood material from the natural forests (Anon. 2013) .
It is a well-known fact that the forest plays an important role as carbon stock. Hamdan et al. (2011) pointed out that 80% of the forested land generally contains terrestrial carbon and therefore, as deforestation and land conversion occurs, so a proportionate reduction in carbon stocks becomes apparent. Proctor et al. (1983) Gunung Mulu Limestone 224 Proctor et al. (1983) Inevitably, part of the forested land, whether virgin or secondary forests, has to be converted to Acacia and rubber plantations.
The estimation of carbon stocks in forest plantations stands could possibly assess the carbon sequestration or carbon loss rate as a result of deforestation. Carbon stocks generally depend on the biomass. Ming et al. (2014) stated that biomass and carbon are related to each other and play an important role in the global carbon cycle. The carbon stock in the plantation forests of Acacia and rubber is compared against the natural forest in Table 5 . In this study, the value of carbon stocks for natural forest were modified from the report by Ratnasingam et al. (2015a) .
A comparison of the net carbon stocks were carried out between natural forest, Acacia and rubber plantations. Table 6 shows the estimation value represents the sink/source of carbon for the particular year depending on the cultivated area in relation to the previous year. The clearing of forest consequently credited carbon to the atmosphere. The findings from this study shows that forest plantations, especially rubber plantations, was not a significant carbon-sink when compared to the natural forests. Similar findings were also found in other studies (Houghton and Hackler 1999 , Minerva Singh 2012 and Roslan 1995 .
According to Houghton and Hackler (1999) , the carbon storage between the natural and plantation forests differed in terms of storing capacity. Conversion of natural forest, especially the secondary forest or logged-over forest, to Acacia and rubber plantations to some extent may assist in reducing the amount of carbon in the environment. Yet, Acacia and rubber plantations are not comparable in terms of the carbon storage capacity, in comparison to the virgin natural forests (Anon. 2013) . This is because Acacia and rubber plantations have less amount of carbon per hectare compared to the natural forest (Roslan 1995) . Besides, the natural virgin forest is able to store large amount of carbon, which is about 25 to 50 times than the plantation forests. This difference could be attributed to the larger aboveground and below ground biomass of the natural forests, owing to the diameter at breast height of the trees, the tree height, number of stems, and forest age (Houghton 2004) . Although, the forest plantations have higher growth rates and thereby, sequesters carbon at a faster rate in comparison to the regeneration of the secondary or logged-over forests, the waste and residues left behind after the logging operations are significantly more than in the natural forests (Table 7) , and therefore leads to greater emission compared to the natural forests (Minerva Singh 2012).
CONCLUSIONS
The study estimated the value of carbon stocks for Acacia and rubber plantations from the year of 1990 to 2013. The reduced total area under rubber cultivation during this period resulted in the decreased of carbon stocks. On the other hand, Acacia plantations showed an increment in cultivated area, and thus in the amount of carbon accumulated over the study period. Yet, the significantly larger area of rubber plantation resulted in a higher amount of carbon compared to the Acacia plantation. A significant difference of carbon stocks between these plantations may due to tree height, age, cultivation area and wood density. When compared with carbon stocks in the natural forests, Acacia and rubber plantations may assist in sequestering carbon due to their higher mean annual growth rates. Nevertheless, the differences in carbon storage in terms of storing capacity between the natural and plantation forests as well as the significantly higher amount of waste and residues left in the plantations after harvesting operations, have a significant an impact on carbon stocks. Therefore, this study enunciates the need for updated information on the total biomass of Acacia and rubber plantations is necessary in order to reflect an improvement in the total carbon stock at the national level in the future. 
